Purpose of review: In-vivo measurement of retinal vascular calibers may be used as a tool to study the pathophysiology and clinical status of the microvasculature of the retina. The aim of this study was to generate normative data for retinal vessel parameters, and to evaluate the clinical relevance in systemic hypertension.
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Purpose of review: In-vivo measurement of retinal vascular calibers may be used as a tool to study the pathophysiology and clinical status of the microvasculature of the retina. The aim of this study was to generate normative data for retinal vessel parameters, and to evaluate the clinical relevance in systemic hypertension.
Methods: Fundus photographs from 4309 participants of the Gutenberg Health Study were assessed using the 'retinal vessel analyzer' software (IMEDOS). We generated age and sex-specific nomograms in a disease-free subpopulation of 890 participants for determining the central retinal arteriolar equivalent (CRAE), the central retinal venular equivalent, and the arteriovenous ratio (AVR).
Results: Women had higher values of CRAE, central retinal venular equivalent, and AVR than men, and the decrease in measures with increasing age was less steep in women than in men. Systemic hypertension was associated with lower values [odds ratio (OR), 95% confidence interval (CI) referring to area below the 5% percentile] of AVR (men: OR 2.41, 95% CI 1.669-3.490, P < 0.001; women: OR 3.01, 95% CI 2.126-4.268, P < 0.001) and CRAE (men: OR 2.60, 95% CI 1.563-4.326, P < 0.001, women: OR 3.00, 95% CI 2.004-4.487, P < 0.001 
INTRODUCTION
T he retinal vasculature provides a unique window to assess human vessels noninvasively and directly in vivo [1, 2] . Retinal vascular caliber changes reflect cumulative responses to aging, cardiovascular risk factors, inflammation, endothelial dysfunction, and other processes [3, 4] . Identification of early microvascular changes using reliable and reproducible imaging techniques may therefore be used as a screening modality for the assessment of cardiovascular disease, and especially for the management of both the ocular and systemic complications of hypertension [5] . In a cross-sectional study, the Prospective Cardiovascular Münster Study (PROCAM) and Systematic Coronary Risk Evaluation (SCORE) risk estimates were associated with retinal vessel equivalents [6] . Recently, it has been shown that retinal vessel parameters are associated with long-term mortality in the general adult Dutch population [7] . Retinal vascular calibers are associated with a wide range of subclinical (e.g. atherosclerosis, inflammation, and endothelial dysfunction) and clinical cardiovascular diseases (hypertension, coronary heart disease, diabetes mellitus, stroke, kidney, and heart diseases) [1, [8] [9] [10] [11] [12] , and also with high blood pressure during pregnancy and preeclampsia [13, 14] . The association of retinal vessel parameters with cardiovascular and cerebrovascular disease has also been studied in several epidemiological studies [4, 9, [15] [16] [17] [18] [19] [20] . Recently, a large systematic metaanalysis [21] examined the association between retinal vascular caliber and incident hypertension, and found that retinal arteriolar narrowing and venular widening were independently associated with an increased risk of hypertension. A method of semiautomatic measurement of retinal vascular calibers may thus be used as a noninvasive clinical and research tool to further study the role and pathophysiology of the microvasculature and as a cardiovascular risk prediction tool. Additionally, in the present literature, retinal diameters were evaluated as relative values only, as no normative data have been published so far. Normative data could also be used to perform meta-analyses within joint projects of the European Eye Epidemiology (E3) Consortium, for example [22, 23] . We therefore aimed to generate reference data for retinal vessel metrics and to analyze the association between these parameters and cardiovascular risk factors and diseases in a large German population-based cohort. We focused on the clinical relevance of these parameters in systemic hypertension to evaluate whether 'abnormal' retinal vessel calibers might be helpful for risk stratification of hypertensive patients.
METHODS

The Gutenberg Health Study
The Gutenberg Health Study (GHS) is a population-based, prospective, observational single-center cohort study in Midwestern Germany, with a total of 15 010 participants between age 35 and 74 at recruitment. The sample was randomly drawn from local governmental registry offices, and equally stratified by sex and residence (urban and rural) per decade of age. The sample was drawn in similar waves to allow subsample analyses after the inclusion of 5000 participants. Participants underwent a standardized protocol including an ophthalmic and a complete general medical examination focused on cardiovascular parameters. The detailed protocol has been described previously [24] . Fundus images were recorded with a nonmydriatic fundus camera (Visucam PRO NMTM; Carl Zeiss AG, Jena, Germany) in a darkened room and with the pupil's natural width. Three photographs were taken of each eye: at 308 and 458 centered on the optic nerve, and at 308 centered on the macula. For retinal vessel analysis, we used the 458 optic nerve centered photos of a representative subsample with the first 5000 GHS participants.
The methodology of how hypertension was diagnosed and blood pressure was measured in the GHS has been published previously [25] , and the methodology has been compared to other studies [26] . We used the OMRON HEM-705CP II to measure blood pressure on the right arm in an upright sitting position on a height-adjustable chair with the back supported, legs uncrossed and feet on the ground, and with the lower arm resting on the table at heart level. The breadth of the cuff was chosen according to the width of the arm in every participant. The resting time before the first measurement was 3 min. Unfortunately, we were not able to perform any out-of-office blood pressure measurements in order to avoid white coat hypertension. Arterial hypertension was diagnosed if antihypertensive drugs were taken or if the mean systolic blood pressure was at least 140 mmHg or if the mean diastolic blood pressure was at least 90 mmHg in the second and third standardized measurements after 8 and 11 min of rest, respectively. To further assess patients with arterial hypertension, therapy status was documented. In the present study, we compared persons with different stages of hypertension according to the following definition: Other cardiovascular risk factors and diseases were measured as previously reported [27, 28] : Smoking was dichotomized into nonsmokers (never smokers and exsmokers) and smokers (occasional smokers and smokers). Diabetes was diagnosed in individuals with a definite diagnosis and treatment of diabetes by a physician, a blood glucose level at least 126 mg/dl at the baseline examination after overnight fasting of at least 8 h or a blood glucose level of at least 200 mg/dl at the baseline examination after a fasting period of less than 8 h. As previously published [29] , prediabetes was defined according to HbA1c (38.8-46 .45 mmol/mol or 5.8-6.4%). Dyslipidemia was defined as a definite diagnosis of dyslipidemia by a physician or a low-density lipoprotein (LDL)/high-density lipoprotein (HDL) ratio of at least 3.5. Obesity was defined as a BMI at least 30 kg/m 2 . Taking the participants' histories from computer-assisted personal interviews, we also investigated whether sex, age, presence of peripheral arterial occlusive disease, chronic heart failure, coronary heart disease, and family history for previous stroke or myocardial infarction were associated with retinal vessel calibers. To be able to calculate normative data, we defined persons as 'cardiovascular healthy' if the following cardiovascular risk factors or conditions were absent: systemic hypertension, diabetes, smoking, dyslipidemia, obesity, peripheral arterial occlusive disease, (medicated) heart failure, history or family history for stroke or myocardial infarction. All participants with one or more of these conditions were considered as having cardiovascular disease or 'ill. ' The study protocol and study documents were approved by the local ethics committee of the Medical Chamber of 
Retinal vessel analysis
Static retinal vessel analysis was performed by two trained graders (D.J.W., L.W.) using VesselMap II Software (Imedos Systems, Jena, Germany, Version 3.02. 2006). Principles of static vessel analysis have been described in previous study [30] . Briefly, the optic nerve disc is marked in a diskcentered image. The software then creates an area of one half to one disk diameter distance around the optic disk to measure all vessels. A cross divides the area into four quadrants. In these quadrants, arterioles and venules are differentiated and selected manually. The central retinal arteriolar equivalent (CRAE), the central retinal venular equivalent (CRVE), and the arteriovenous ratio (AVR) were calculated using the formula by Parr and Spears [31] and Hubbard et al. [30] . We used AVR as it is dimensionless and therefore independent from refraction and magnification effects, but we also used CRAE and CRVE to separately capture information of the individual arteriolar and venular caliber components. To assess interobserver reliability, all quantitative parameters (CRAE, CRVE, and AVR), and also image quality were assessed by both graders in 136 images, and interclass correlation coefficients and kappa statistics were computed. A random number generator was used to randomly select the photographs of the right and left eyes, respectively. If a selected photo was not available or if image quality was insufficient, the contralateral eye was chosen for retinal vessel analyses.
Statistical analyses
We performed statistical analyses using SPSS (Statistical Package for the Social Sciences, Version 23, Chicago, Illinois, USA), SAS (Statistical Analysis System) software, Version 9.4 of the SAS System for Windows (Copyright ß 2002-2012 SAS Institute Inc., Cary, North Carolina, USA) and R version 3.2.3 software [32] .
Age and sex-specific nomograms and reference ranges for AVR were calculated with quantile regression analysis.
For univariate analyses (associations of CRAE, CRVE, and AVR with cardiovascular risk factors and disease), a t test for binary variables and a Kruskal-Wallis test for nominal variables were used. With a multivariable logistic regression model [odds ratio (OR), confidence interval (CI), and P value], we determined whether values of CRAE, CRVE, and AVR below the 5% percentile were associated with cardiovascular disease and risk factors. We simultaneously adjusted for the diameter of the other vascular system, as it has been shown that retinal arteriolar and venular caliber sizes are highly correlated. Individuals with narrower arterioles are more likely to have narrower venules [33] . A Cochrane Armitage test for trend was used to assess the association between therapy status of hypertension (controlled versus uncontrolled versus screening-detected hypertension) with the proportion of persons with values below the reference ranges of CRAE and AVR. As it has been shown previously that narrowing of the retinal arteriolar vasculature is an important sign of systemic hypertension and that a lower AVR seems to predict the risk of hypertension [34] , we focused on CRAE and AVR in these individuals.
Because of the explorative character of the analysis, we did not define a significant threshold for P values. The P values should be interpreted as a continuous measure of statistical evidence.
RESULTS
Descriptive data
Fundus photographs of sufficient quality were available from 4309 participants with 2164 and 2145 randomly selected right and left eyes, respectively.
The mean AVRs of the right and left eyes were 0.840 AE 0.067 and 0.845 AE 0.071, respectively (P ¼ 0.013), whereas CRAE and CRVE were 177. 42 16 .3% in participants with selected left eyes), no differences were found between the randomly selected right and left eyes and the other variables used for adjustment (age, sex, and cardiovascular risk factors and diseases).
In all eyes, the means for AVR, CRAE, and CRVE were 0.84 AE 0.07, 178.37 AE 17.91, and 212.30 AE 17.45, respectively.
Of the 4309 participants, 2162 (50.2%) were men and 2147 (49.8%) were women. At inclusion into the study, the mean age was 54.8 AE 10.8 years, with 2242 (52.0%) participants aged 55 years and younger, and 2067 (48.0%) aged older than 55 years. Arterial hypertension, diabetes, prediabetes, obesity, dyslipidemia, peripheral artery occlusive disease, and (medicated) heart failure were present in 2150 (49.9%), 283 (6.6%), 420 (9.7%), 1013 (23.5%), 1270 (29.5%), 167 (3.8%), and 62 (1.4%) participants, respectively. In this study, 851 (19.7%) participants were smokers. We noted a history or a family history of stroke in 77 (1.8%) and 370 (8.6%) participants, respectively, and of myocardial infarction in 114 (2.6%), and 756 (17.5%) participants, respectively.
Retinal vessel diameters in cardiovascular 'healthy' versus 'ill' participants
According to the above-mentioned definition, participants were categorized into 'cardiovascular ill' (n ¼ 3405; 79.0%) or 'cardiovascular healthy' (n ¼ 890; 20.6%) subgroups (in n ¼ 14, data on cardiovascular risk factors were missing).
The mean CRAE was lower in the 'ill' (177.32 AE 17.84) than in the 'healthy' group (182.42 AE 17.56) (P < 0.001). The mean CRVE was 212.55 AE 17.55 in the 'ill' versus 211.24 AE 17.08 in the healthy group (P ¼ 0.046). The mean AVR was 0.84 AE 0.07 in 'ill' and 0.87 AE 0.06 in 'healthy' participants (P < 0.001).
and an interclass correlation coefficient of 0.896 (P < 0.001) for AVR measurements (mean difference 0.004, 95% CI À0.001 to 0.009, P ¼ 0.090). 
Normative data
Age and sex-specific reference values and nomograms were calculated on the basis of values for AVR, CRAE, and CRVE for 890 cardiovascular healthy individuals. A quantile regression analysis was performed to calculate linear equations for the 1st, 5th, and 10th percentiles for these participants. Figure 2 (a-c) illustrates the age andsex-specific nomograms for AVR, CRAE, and CRVE, respectively.
Furthermore, we calculated the reference ranges (from the 2.5th to 97.5th percentiles) for men and women aged 55 years and younger, and aged over 55 years, for AVR, CRAE, and CRVE (Table 1) . On the basis of the quantile regression analysis, a logistic regression was performed with ORs referring to the area under the fifth percentile. The linear equations pertaining to the fifth percentile are illustrated in Table 3 . The results of the multivariate analysis are summarized in Tables 4-6 .
General and cardiovascular association of retinal vessel diameters
Clinical relevance of retinal vessel analysis
Regarding systemic hypertension and the status of antihypertensive therapy, we compared retinal vessel diameters between the following groups: participants with controlled versus screening-detected (participants who had been unaware of their hypertension when they participated in the GHS) versus uncontrolled systemic hypertension. Figure 3 (a and b) illustrates the differences between the values of AVR and CRAE in these groups.
On the basis of these findings and the knowledge about the reference ranges of the retinal vessel diameters, we assessed the proportion of persons in the subgroups (controlled versus screening-detected versus uncontrolled hypertension) with values below the reference range of AVR and CRAE. With only one exception (men older than 55), the proportion of patients with values for AVR and CRAE below the reference range was higher in those with controlled hypertension than in those with screeningdetected or uncontrolled hypertension (Table 7) .
DISCUSSION
The GHS is the first population-based study to publish age and sex-specific normative data for retinal vessel metrics and assessed retinal vessels in the youngest European population-based cohort of adults. The following novel findings were made: narrowing of the retinal arteriolar vasculature is associated not only with hypertension but also with the status of antihypertensive therapy: persons with untreated or insufficiently treated hypertension are more likely to have vessel calibers outside the reference range.
Currently, no age and sex-specific reference cut-off values for retinal vascular calibers have been established, probably because it is important to account for a wide range of potential confounders (e.g. systemic hypertension, diabetes, retinopathy) for retinal vessel measurements. To create normative data, retinal vascular calibers were assessed in healthy children, who are presumably free of or have had fewer systemic and environmental influences so far, and may therefore provide better reference values [35] . Nevertheless, a value considered as normal for children may not be normal for adults. In the GHS normative data, we distinguished a 'healthy' subgroup of individuals who were free from major cardiovascular risk factors and cardiovascular disease. When compared to the 'cardiovascular diseased' subgroup, these persons had a lower CRAE and AVR and a higher CRVE. In the nomograms, we found differences between men and women: regarding the retinal AVR, women had higher values than men across all decades of age, and the decrease in AVR with increasing age was less steep than in men. The same holds true for the nomograms of CRAE and CRVE, where we additionally found that there was a steeper decrease in the values with increasing age in those with values lower than the 5% quantile than in those with values above especially in men (but also in women). The younger participants with lower values might have disproportionally decreasing values with increasing age. The association between increasing age and smaller vessel diameters has been found in the Blue Mountains Eye Study (BMES) [36] , the Multiethnic Study of Atherosclerosis (MESA) [4] , the Beaver Dam Eye Study (BDES) [37] , and the Funagata Study [38] . Regarding the association with sex, the BMES [36] , the MESA [4] , and the Cardiovascular Health Study [39] found larger arteriolar calibers in women than in men.
FIGURE 1
Analysis of interobserver variability. The Bland-Altman plot illustrates the interobserver variability: in 136 fundus photos, the arteriovenous ratio (AVR) was determined by the two observers. The mean difference between these observers was 0.0042 with a standard deviation of 0.02861. The interclass coefficient for these differences was 0.896 (P < 0.001).
In the GHS, we also evaluated associations between the retinal microvasculature and cardiovascular risk factors and diseases. In a univariate analysis, lower CRAE and AVR were associated with male sex, higher age, prediabetes, and a history of hypertension. Moreover, AVR was lower in individuals with obesity, dyslipidemia, and a history of myocardial infarction, and it was higher in smokers. On the contrary, CRVE was higher in men, in persons with obesity, dyslipidemia, or a family history for stroke, and in smokers. These findings are quite consistent with those from other epidemiological studies [1, 3] .
In a multivariable analysis, we adjusted for the fellow vessel diameter as it has been shown that retinal arteriolar and venular caliber sizes are highly correlated and that FIGURE 2 (a-c): Age and sex-specific nomograms. These nomograms were calculated on the basis of the values for the arteriovenous ratio (AVR), the central retinal arteriolar equivalent (CRAE), and the central retinal venular equivalent (CRVE) of the 'healthy' subgroup (no cardiovascular risk factors; see 'Methods' section) of 890 persons. A quantile regression analysis was performed to calculate linear equations for the 1st, 5th, and 10th quartiles for these participants. The bold line in the middle represents the fifth quantile, with 95% of the values being located in the areas above (90% in the top field) and 5% being located in the areas bolow it (1% in the floor field). 
Retinal vessel analysis in the GHS
Journal of Hypertension www.jhypertension.comindividuals with narrower arterioles are more likely to have narrower venules [33] . The multivariate logistic regression analysis using individuals with values below the fifth percentile as a reference supports the association of hypertension with lower values of AVR and CRAE. The highest ORs were found in women, in whom lower values of AVR were also associated with a history of stroke. Smoking was associated with a larger CRAE, CRVE, and AVR, especially in women. On the contrary, a larger CRVE was associated with the presence of a peripheral arterial occlusive disease, especially in men. It has been shown recently in another cohort that prediabetes was independently associated with microvascular dysfunction [40] . Nevertheless, in the present study, only diabetes, but not prediabetes, was associated with a higher CRAE and AVR, respectively. Furthermore, it has been shown that obesity was associated with reduced AVR in the retina [41] [42] [43] . In the present study, obesity was associated with a larger CRVE and a smaller AVR in the univariable analyses, but no associations between obesity and the retinal vessel equivalents were found in the multivariable analyses. In contrast, the finding that arteriolar narrowing and a lower arteriovenous ratio are associated with hypertension is in line with other studies [1, 2, 5, 12, 15, [44] [45] [46] . Moreover, participants in the GHS with uncontrolled hypertension had a smaller CRAE and AVR than those who were unaware of their hypertension or those with sufficient antihypertensive treatment. A higher proportion of insufficiently or untreated patients had values below the reference ranges than those with controlled hypertension. This finding adds novel information to other clinically relevant findings regarding retinal vessels in hypertension: It has been shown that retinal vessel parameters are associated with the risk of hypertension [21] : In the Atherosclerosis Risk in Communities study, normotensive participants with a lower AVR at baseline were 60% more likely to be diagnosed with hypertension [47] . Further data from the BDES [48] , the BMES [49] , and the Rotterdam Study [34] showed that smaller arteriolar calibers and AVR are preclinical markers of hypertension. The reference ranges found in the GHS might therefore be useful as markers for optimizing/monitoring hypertension therapy. If this can be confirmed by longitudinal data, it may improve diagnostics and therapy control in hypertension, especially because it is known that central blood pressure is more closely associated with the narrowing of CRAE than brachial blood pressure [50] . In two population-based cohorts among children aged 6-8 years, each 10-mmHg increase in systolic blood pressure was associated with narrowing of the retinal arterioles approximately 2 mm [35] . Gopinath et al. [8] found that elevated blood pressure was associated with narrower retinal arterioles in preadolescent boys and girls, and also with wider retinal venules in boys. In summary, slight increases in central blood pressure might be involved in the morphological changes in small retinal arteries, even in individuals with brachial blood pressure in the normal range. Therefore, future studies should focus on these parameters as indicators for incidence of hypertension and as markers for compliance and efficacy for antihypertensive therapy.
In GHS, a history of stroke was associated with a lower AVR in women, and (in the univariate analysis) a higher CRVE was associated with a family history of stroke. The association between retinal microvascular characteristics and (acute ischemic) stroke, dementia, and cerebral small-vessel disease has been widely investigated: Ong et al. [51] found an association between narrower arteriolar calibers and wider venular calibers with stroke. Furthermore, the Cardiovascular Health Study showed an association between retinal microvascular signs with poorer cognitive function and, in persons with hypertension, with dementia [52] . The follow-up investigation of the GHS will focus on the relevance of retinal vessel analysis for incidental stroke. Optimally, the normative data of the present Logistic regression analysis with odds ratios (ORs), 95% confidence intervals (CIs), and P values referring to values lower than the fifth percentile. CI, confidence interval; OR, odds ratio.
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There are some limitations of the present study: Regarding the methodology itself, there is wide variability in retinal vessel parameters between individuals, there is a broad zone of overlap between different groups, and the reference ranges are relatively large. Therefore, no clear cut-offs can be suggested for identifying individuals with a higher risk or insufficiently treated patients. In the randomization, small but significant differences between the retinal vessel equivalents in right and left eyes were found. Additionally, the present normative data are based on specific software. Furthermore, even though blood pressure was measured more than once, the at-rest blood pressure measurements within the study setting might be too high, which could have biased the classification of hypertension subtypes. This might have led to an overestimation both of the 'uncontrolled' and the 'screening-detected' groups.
Nevertheless, a previous study found that the caliber of arteriolar retinal vessels in patients with uncontrolled hypertension was not significantly influenced by blood pressure measured at the time of retinography acquisition [53] . Also, the rate of persons with diabetes might have been underestimated as it was not possible to perform oral glucose tolerance test within the population-based setting of the GHS.
Furthermore, it would have improved significance of the present data if actual diameters instead of vessel equivalents had been used. Being aware of this limitation, we decided to use the vessel equivalents instead of the actual diameters as we aimed to generate normative data not only for the present study only. Instead, we wanted to make the nomograms also applicable if a correction cannot be made (if e. g. refraction data are missing). Additionally, the normative data from the GHS might not be applicable to individuals from other populations, especially as ethnic differences have already been reported [54] . Future (extra-European) studies should test if this holds true across populations as also other yet unknown or unmeasured environmental factors or lifestyle habits and genetic variations not related to ethnicity may also contribute to differences in retinal vessel parameters [55, 56] . Data on retinal vascular tortuosity are missing, which would have added further information regarding the effects of cardiovascular risk factors on the retinal vasculature [46] .
Perspectives
Normative data are the basis for the clinical use of quantitatively measured parameters. This study, for the first time, provides nomograms and reference ranges for retinal vessel metrics. In the GHS, these data were different among patients with unknown (screening-detected), uncontrolled, and controlled hypertension. As the GHS is a longitudinal study, participants are completely assessed every 5 years. Therefore, we will be able to analyze the relevance of the normative data for the whole GHS cohort, for different disease groups, and also for the subgroup of 'healthy' individuals in future studies. We will assess the changes of the vessel equivalents during the follow-up, and furthermore address, for example, the following questions: Is there an association between normal/high/low retinal vessel equivalents and cardiovascular events during follow-up? Did the vessel equivalents improve in patients who were sufficiently treated, for example, their hypertension during this time? If we find that the nomograms are helpful to forecast cardiovascular events and to longitudinally objectify efficacy and compliance to (e.g. antihypertensive) therapies, we will further discuss their use to contribute to existing diagnostic tools and reference values. Potentially, retinal vessel parameters might be, together with other clinical parameters, a useful tool for monitoring compliance and efficacy of antihypertensive therapy.
Various semiautomated, computer-based programs have been used to assess in-vivo architectural changes in the retinal vascular network [3] . The software used in this study is not costly; it only requires a standard fundus camera, and handling can be learned easily. This was attested by the good interobserver variability found in the present study. Present and future data from the GHS and from joint projects within the European Eye Epidemiology (E3) Consortium [22] will hopefully contribute to the translation of retinal vessel analysis into a tool for improving the diagnosis, prognosis, and management of hypertension in clinical practice and photographing the retina for analysis will become routine. 
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